Passivation of electronic defects is an effective strategy to boost the performance and operational stability of perovskite solar cells (PSCs). Identifying molecular materials that achieve this purpose is a key target of current research efforts. Here we introduce adamantane (AD) and 1-adamantylamine (ADA) as molecular modulators to abate electronic defects present within the bulk and at the perovskite-hole conductor interface. To this effect, we have added the modulator either into the anti-solvent to precipitate it together with the perovskite (AS method) or we spincoated them onto its surface (SC method). Time-resolved photoluminescence (TRPL) measurements show substantially longer lifetimes for perovskite films treated with AD (34.6 ns) and ADA (68.4 ns) compared to the reference sample (14.3 ns). In line with this observation we find that the presence of AD and ADA molecules at the interface between the perovskite film and the hole conductor increases all photovoltaic metrics, in particular the open circuit photovoltage (Voc) as well as the operational stability of the PSC.
Introduction
Recent rapid progress in the field of perovskite solar cells (PSCs) has stimulated intensive worldwide research resulting in the current certified solar to electric power conversion efficiency (PCE) of 22.7%. [1] [2] [3] Presently, innovative device architectures, interface modulation, as well as compositional and crystal growth engineering are being employed to improve the device performance further and establish long term operational stability. [4] [5] [6] [7] [8] Mitigation of electronic defects plays a key role to reduce radiationless carrier recombination resulting in higher open circuit photovoltages (Voc). 7, 9 To this effect, the modulating agents are either added to the antisolvent or the perovskite precursor solution. [10] [11] [12] [13] A wide variety of additives has been examined, including polymers [14] [15] [16] , fullerenes 17, 18 , metal halides [19] [20] [21] , inorganic acids 22, 23 , co-solvents 24, 25 , organic halide salt [26] [27] [28] [29] , and nanoparticles. 30 Some of them can manipulate the film morphology and form uniform and smooth surfaces, while others enhance the optical and electrical properties of the perovskite layer. Chang et al. 31 added poly(ethylene glycol) (PEG) together with [6, 6 ]-phenyl-C61-butyric acid methyl ester (PC61BM) to the perovskite starting solution and showed their role in improving film coverage and charge transfer dynamics, enhancing the open circuit voltage (Voc) as well as short current density (Jsc). Bi et al. 32 employed poly(methyl methacrylate) (PMMA) as a template by adding it into the anti-solvent to control the nucleation and growth of perovskite film. They found that the prepared film by this technique shows high quality with longer lifetime, resulting in a certified PCE of 21.0%. Zhang et al. 33 employed the same method and treated the surface of perovskite film by α-bis-PCBM. Using this approach, they reached a PCE of 20.8% as well as good stability. Li et al. 34 passivated the surface defects of perovskite film with reduced graphene oxide modified by 4-fluorophenylhydrazine hydrochloride (rGO-4FPH) and showed this to be due to the interaction between functional groups of rGO-4FPH and 3 coordinatively unsaturated Pb ions, resulting in a better photovoltaic property. Moreover, Zheng et al. 35 employed quaternary ammonium halides such as choline chloride to effectively mitigate surface ionic defects achieving a certified PCE of 20.59% with increased stability under humidity and light illumination.
Here we introduce adamantane (AD) and 1-adamantylamine (ADA) to mitigate defect states in PSCs. Adamantane is a colorless, crystalline solid, which is insoluble in water, but readily soluble in nonpolar organic solvents. Its melting point of 271 °C is unusually high for a hydrocarbon. 36 Adamantane and its derivatives form high-density self-assembled monolayers (SAMs) which have been used in molecular electronics, e.g. as barrier layers in tunnel junctions and for redox switchable dyads. 37 We show that surface modification of perovskite films by AD and ADA prolongs their photoluminescence lifetime by attenuating surface states acting as sites for nonradiative charge carrier recombination. As a consequence, ADA increases the Voc by 60 mV to 1.17 V enabling a PCE of 21.3 % measured as stabilized power output under maximum power point tracking. Importantly, the surface treatment by ADA enhances greatly the stability of the PSC due to the unique film forming and strongly hydrophobic properties of the adamantane. Figure 1a shows the structures for the AD and ADA molecules. The perovskite film is deposited from a triple A-cation perovskite solution containing formamidinium iodide (FAI), methyammonium iodide (MAI), and cesium iodide (CsI) by using anti-solvent method as specified in the method section. As shown in literature 38 , triple A-cation perovskite suffers from small grain size and surface passivation is a good strategy to tackle this problem. The AD and 4 ADA additives were dissolved either in the anti-solvent (AS method) or spin coated on top of the perovskite (SC method) from chlorobenzene solution followed by drying at 120 °C for 10 min. Figure 1b and S1 show top-view SEM images of perovskite films before and after modification with AD and ADA modulators using AS and SC methods. From the images, it is clear that after AD and ADA treatment using both techniques, the average grain sizes are almost identical. The x-ray diffraction (XRD) patterns of perovskite films before and after passivation are shown in , where τ is the PL lifetime time and β is a stretch parameter. Table S1 shows the summary of fitting parameters for the PL decay curves. The PL lifetimes follow the order ADA > AD > reference illustrating that ADA is most effective in mitigating perovskite surface states acting as charge carrier recombination centers. To further study the role of passivation, Hall mobilities of perovskite films passivated by AD and ADA using AS and SC techniques were measured. As shown in Table S2 , by applying these modulators, the mobilities for both techniques are increased. Our results confirm that this improvement for SC method is higher than AS one and ADA modulator is more effective than AD one. Conversely, the ADA modulated PSC shows an additional small rise in the output power until reaching a plateau corresponding to a stabilized PCE of 21.3 %. We infer from these measurements that the ADA surface treatment boosts the power conversion efficiency of our triple cation PSC by a remarkable 11.4 %.
Results and Discussion
In order to ascertain the reproducibility of the effects resulting from surface modification of the perovskite by the adamantanes we produced 30 devices, i.e. 10 for each category and checked the statistical variation of their PV parameters. Figure S2 shows the PV metrics obtained from the J-V curves of these cells. The results confirm the beneficial effect exerted by the surface treatment by AD and ADA on all the PV parameters the most striking being the enhancement of the Voc. In addition, the results suggest that ADA is more effective in passivating the surface states of perovskite films than AD. We attribute this to stronger surface attachment of the ADA by virtue of its amine group that can anchor to the perovskite surface by replacing an A-cation or by filling an A cation vacancy. The presence of latter defects is undesirable as they act as hole traps immobilizing positively charged carriers at the interface between the perovskite and the spiro-OMeTAD. This enhances carrier recombination and causes hysteresis effects in the J-V curves because the trapped carriers produce a net local electric field that causes ion migration in the perovskite films. To further study the role of passivation, the electroluminescence (EL) of devices without and with passivation were measured. In this measurement, the voltage is changed from 0 to 1.3 V and reverse to plot a curve versus time. Figure S7 shows that the EL 7 signal for passivated devices with AD and ADA are stronger than the reference sample, confirming a lower level of defects promoting radiationless recombination in the absorber layer and interface, especially for ADA case.
The hysteresis indexes (h) of the passivated devices and reference cell were calculated from the formula h = 100 x (PCEbackward -PCE forward)/PCEbackward. As shown in Figure S3 , the hysteresis indexes of passivated devices are slightly lower than that of the reference cell. Figure S4 demonstrates the histograms of the photovoltaic metrics of PSCs passivated with AD and ADA by using the antisolvent (AS) technique. From these measurements the AS treatment produces smaller performance benefits than spin coating the agents onto the perovskite surface.
In order to identify the optimal concentration of AD and ADA in the spin coating solvent we varied their content from 0 to 3 mg in 1 mL chlorobenzene and present the photovoltaic parameters of devices treated by these solutions in Figure S5 and S6. The data show that the best results are achieved for both additives with a concentration of 1.5 mg/mL in CB. We further explored the role of adamantane additives and their location in perovskite film in the following manner. After passivation of perovskite film with AD and ADA, we spin-coated pure chlorobenzene five times on top of the passivated perovskite films and fabricated the PSC devices in the same condition as reference sample. The statistical photovoltaic data for the corresponding devices are shown in Figure S8 . Interestingly our results show that by washing the surface of films, the Voc is decreased slightly as compared to the samples without washing, indicating that these additives are present at the surface of the perovskite. Moreover, this Voc loss for AD passivated film is larger than that of for ADA one. This result shows that ADA molecule has stronger bonding with the surface of perovskite film due to the presence of the amine group which can anchor to a A-cation vacancy. However, the photovoltaic results for washed samples are still better than the reference device ( Figure S4 ). This indicates that the adamantane modulators are still available after washing the films and they do not penetrate far into the bulk of the perovskite bulk.
We measured the contact angle of water on top of the reference sample and the films passivated by AD and ADA and obtained the values of 35°, 56°, and 68°, respectively, as shown in Figure   4a -c. This implies that the films after passivation with AD or ADA have lower wettability by water molecules, protecting the perovskite film from water ingression which should enhance their stability.
We confirmed that the passivation of perovskite films with AD and ADA molecules does improve the PSC stability. We first examined the sensitivity of PSCs to humid air by placing 9 unsealed devices for 3 months in an air box with 20 % relative humidity. The result of this stability test is shown in Figure 4d . The perovskite whose surface was passivated with AD and ADA maintained 95% and 98% of their initial values, respectively, while the reference cell showed a 16% PCE loss. We subsequently exposed perovskite films on glass with and without surface passivation by the adamantanes to ambient atmosphere for 1 week. Figure 5a-c illustrates the photographs. The color of reference sample turned from black to yellow, indicating decomposition of perovskite film under formation of PbI2. By contrast, the perovskite film passivated with ADA maintained its black colour while the one modified with AD discolored slightly. In order to further confirm the film quality, XRD patterns of the perovskite films before and after passivation were characterized. As shown in Figure 5d , the intensity of the PbI2 peak located at 12.8° clearly depicts the decomposition of perovskite film under high humidity environment, which is the highest for reference sample.
We examined the operational stability of the PSCs by exposing them to continuous full-sun illumination under maximum power point tracking in a nitrogen atmosphere at T=30 °C. Figure   4e illustrates that devices treated with ADA and AD by the SC method retained 96% and 92% of their initial values after 300 h under continuous light illumination, respectively, while the reference sample incurred a 28% performance loss. Our investigations clearly show that the introduction of adamantanes as interfacial layers between the pervoskite film and the hole conductor is beneficial for both the performance and operational stability of state of the art perovskite solar cells.
Experimental Section
Device fabrication 10 FTO glass (NSG-10) was first etched by a chemical method using zinc powder and HCl solution 
Film characterization
The morphology of perovskite film, and device structure was studied using a ZEISS Merlin high resolution scanning electron microscopy (HRSEM). Quality and crystal structure of perovskite films were characterized by using X-ray diffraction (Bruker D8 X-ray Diffractometer, USA) 
Supporting Information
Supporting information is available from the Wiley online library or from the author. patterns of the corresponding perovskite films after keeping them at 65% humidity for one week.
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